The generation of alum sludge from drinking water purification process remains inevitable when 23 aluminium sulphate is used as primary coagulant for raw water coagulation. Sustainable managing 24 such the sludge becomes an increasing concern in water industry. Its beneficial reuse is therefore 25 highly desirable and has attracted considerable research efforts. In view of the novel development of 26 alum sludge as a value-added raw material for beneficial reuse for wastewater treatment, this study 27 examined the maximum phosphorus-adsorption capacity of two dewatered alum sludges sampled 28 from two largest water treatment works in Dublin, Ireland. The objective lies in clarifying the 29 change of alum sludge characteristics and its P-adsorption capacity over the location of the alum 30 sludge produced and the raw water being treated. Experiments have demonstrated that the two alum Introduction 45 On the longer term, beneficial reuse in large scale of industrial wastes/by-products will help to 46 promote the sustainable development. Effective management of the aluminium-coagulated drinking 47 water treatment sludge (commonly termed as alum sludge) requires a sustainable approach that 48 maximizes its value of reuse/recycle for other industrial demands and the environmental needs. 49 Beneficial reuse of the alum sludge seems extremely desirable because it is an easily, locally and 50 largely available by-product inevitably produced from water treatment works worldwide when 51 aluminium sulphate is used as primary coagulant. In Ireland, 18,000 tonnes (dry solids) of alum 52 sludge in an annual basis is generated with landfill disposal costs of about €3.2 million. In the UK, 53 about 182,000 tonnes (dry solids) of waterworks sludge is generated each year, with disposal to 54 landfill as the predominant disposal route. [1] Researchers have worked for years to investigate the 55 feasibility of various possible reuse of the alum sludge, but the major route of reuse lies in 56 --3--manufacturing and construction industries. [2] The final disposal of the alum sludge is still focused 57 on landfill with little known value of reuse. However, alum sludge is predominantly composed of 58 amorphous aluminium hydroxide. It holds great promise for use as a valuable material or adsorbent 59 in the treatment of wastewater since the aluminium can enhance adsorption and chemical 60 precipitation processes to remove various pollutants, especially phosphorus (P). This is 61 acknowledged from the principle of chemistry that aluminium ion has strong adsorption affinity 62 with P. [3] 63 64
In the Centre for Water Resource Research, University College Dublin, Ireland, a research group 65 has conducted extensive work to identify the characteristics and the P adsorption capacity of the 66 locally generated alum sludge. It has been demonstrated that the dewatered alum sludge is a reliable 67 and cost-effective material for P-rich wastewater treatment. [4] [5] [6] [7] [8] This has provided valuable 68 information regarding a beneficial reuse of the alum sludge in environmental and civil engineering.
69
For example, a so-called novel engineered wetland system for high strength P-rich wastewater 70 treatment has been developed by employing locally dewatered alum sludge as main substrate in the 71 wetland system. [9] This provides a good showcase of using "waste" for wastewater treatment. [1] 
73
Although it has been demonstrated that alum sludge exhibited good P adsorption capacity, the Only in Dublin, there are four water treatment works (WTW) to supply drinking water to the city 84 ( Fig. 1 ). Ballymore-Eustace WTW (located in south Dublin) and Leixlip WTW (located in West 85 Dublin) are the two major waterworks to provide drinking water service. This paper aims at 86 examining P adsorption capacity onto alum sludge by sampling (in the same season) alum sludges 87 derived from two separate WTW in Dublin. Characteristics and P adsorption capacity of the two 88 kinds of alum sludges were examined in detail in a comparative manner. Thereafter, the application 89 prospects of the alum sludge as main substrate in engineered treatment wetland system for P-rich 90 wastewater treatment are also discussed. River Liffey. The alum sludge in Ballymore-Eustace WTW was the brownish-green residual 100 derived from the treatment of a medium colour, medium turbidity, raw water that had been sourced 101 from the Dublin and Wicklow mountains, which are upland catchments of peat over granite 102 bedrock. The alum sludge in Leixlip WTW was the dark brown residue produced from the 103 treatment of a medium colour, medium turbidity, raw water that had been sourced from the River 104 Liffey, which is originated from the upland catchment of limestone bedrock. where q e is defined as the adsorption capacity at equilibrium, (mg P/g), b is a sorption constant 133 related to P binding energy, (L/mg), Q 0 is the maximum adsorption capacity (mg P/g sludge) and C e 134 is the equilibrium P concentration (mg P/L). The slope and the intercept of the plot of (C e /q e ) versus The energy dispersive spectrometry spectra of the sludges are shown in Fig. 2 Maximum P-adsorption capacity 173 The maximum P-adsorption capacity of the alum sludges studied is given in Comparatively, the Ballymore-Eustace sludge has higher adsorption capacity in the lower pH range 178 than that of the Leixlip sludge despite its lower Al content (see Table 1 ). However, the Leixlip 179 sludge exhibited higher P-adsorption capacity when the pH of the P solution exceeded 7.0.
[Insert Table 2 Globally the water industry is estimated to be worth €370Bn per annum. The Irish water industry is 183 estimated to be worth €1.5Bn per annum. There are strong drivers for continued growth and 184 innovation in this industry due to the urbanization, population growth and economical development. It is noted that, for the two alum sludges studied, there is no significant difference in maximum P-191 adsorption capacity being observed ( Table 2) . As a whole, the two Irish dewatered alum sludges 192 exhibited an excellent P-adsorption ability, which is capable to compare with other alum sludges 193 produced in other places in the world [6, 11, 12] and even other industrial by-products/materials used 194 for P adsorption. [13, 14] However, Ballymore-Eustace sludge has high P-adsorption capacity (in acid 195 environment) (Table 2) while its Al content is lower than that of Leixlip sludge (Table 1 ). This 196 result seems to be hard to understand since the P-adsorption depends largely on the Al content in 197 the sludge via ligand exchange. [5] Actually, it is noted from Table 1 that the P and Ca contents in mechanism.
[5] Thus, it is reasonable to believe that the source water quality will affect the sludge 205 --9--characteristics and accordingly affect the P-adsorption capacity.
207
The surface area of the two sludges tested indicated that the Ballymore-Eustace sludge has large 208 surface area, which is contribute to the high P adsorption capacity. In general, both the sludges have 209 the surface areas, which are similar in order to that of 61-67 m 2 /g for water treatment sludge 210 reported by Lee et al. [15] It has been pointed out that Ballymore-Eustace sludge contains higher 211 organics (TOC) than that of the Leixlip sludge. This is probably due to the nature of source water 212 quality since the Ballymore-Eustace WTW uses reservoir water, which may contain higher amount 213 of humic substances especially in summer period to promote the possible eutrophication. As such, it 214 is reasonable to infer that the P adsorption capacity of Ballymore-Eustace sludge may be varied 215 cross the season. 
